SWeep Imaging with Fourier Transformation (SWIFT) with gradient modulation and DC navigator retrospective gating is introduced as a 3D cine magnetic resonance imaging (MRI) method for the lung. In anesthetized normal rats, the quasi-simultaneous excitation and acquisition in SWIFT enabled extremely high sensitivity to the fast-decaying parenchymal signals (TE=~4 μs), which are invisible with conventional MRI techniques. Respiratory motion information was extracted from DC navigator signals and the SWIFT data were reconstructed to 3D cine images with 16 respiratory phases. To test this technique's capabilities, rats exposed to > 95% O 2 for 60 hours for induction of acute respiratory distress syndrome (ARDS), were imaged and compared with normal rat lungs (N=7 and 5 for ARDS and normal groups, respectively). SWIFT images showed lung tissue density differences along the gravity direction. In the cine SWIFT images, a parenchymal signal drop at the inhalation phase was consistently observed for both normal and ARDS rats due to lung inflation (i.e. decrease of the proton density), but the drop was less for ARDS rats. Depending on the respiratory phase and lung region, the lungs from the ARDS rats showed 1-24% higher parenchymal signal intensities relative to the normal rat lungs, likely due to accumulated extravascular water (EVLW). Those results demonstrate that SWIFT has high enough sensitivity for detecting the lung proton density changes due to gravity, different phases of respiration and accumulation of EVLW in the rat ARDS lungs.
INTRODUCTION
Magnetic resonance image (MRI) is a powerful tool for medical research and clinical diagnosis due to its capability of soft tissue visualization. However, MRI currently plays a limited role in lung parenchymal imaging because of the inherent difficulties: low proton density, extremely fast signal decay and respiratory motion. Large air content in the lung results in low water (proton) density -which is the signal source of MRI. In addition to the low proton density, air-tissue interfaces in alveoli accelerate signal decay due to the magnetic susceptibility difference between air and lung parenchyma 1, 2 , making it difficult to preserve lung tissue signals with conventional MRI techniques. Moreover, in lung MRI, respiratory motion management is essential to image fine structures such as distal lung tissue. In general, to obtain high quality lung images, respiratory management is performed with data acquisition synchronized with physiological monitoring or, for human imaging, breath holding when possible. Breath holding is more difficult for patients with lung disease, again limiting image quality.
SWeep Imaging with Fourier Transform (SWIFT) is one type of ultrashort echo time (UTE) MRI sequences 3 . In SWIFT, signal excitation and acquisition are performed quasi-simultaneously (in a time-shared manner) by using a gapped frequency-modulated (FM) pulse; thereby, achievable echo time (TE) is nearly zero (order of microsecond). SWIFT was previously implemented to lung imaging of a mouse model of breast cancer metastasis to the lung and showed much higher sensitivity to parenchymal signals than the conventional gradient echo (GRE) sequence 4 . In addition to the high sensitivity to fast-decaying signals, the extremely short TE in SWIFT made it tolerant to magnetic susceptibility effects, resulting in clear visualization of distal lung space.
The Acute Respiratory Distress Syndrome (ARDS) is a frequent and serious condition that requires care with mechanical ventilation. A major characteristic of ARDS is protein rich pulmonary edema. The accumulation of pulmonary edema fluid can be measured as extravascular lung water (EVLW). While evaluation of EVLW is useful to predict outcome 5 , guide fluid therapy 6 , ventilator strategy 7 and monitor the effectiveness of new treatments, currently available methods for measuring EVLW 8 are invasive and require specialized vascular catheters. In addition, in ARDS there are major heterogeneities in lung perfusion and ventilation that can be made worse or improved by the strategy of mechanical ventilation; we do not have non-invasive methods to assess regional changes in ventilation and perfusion.
The purpose of this study is to introduce a novel 3D lung cine MRI method using SWIFT which can detect minor water (proton) density changes in the lung. Cine imaging, which delineates lung dynamics, is highly useful for understanding lung functions such as compliance and ventilation. In the proposed method, MRI data acquisition is performed without respiratory gating, but respiratory motion is extracted from MRI signals retrospectively by inserting DC navigator acquisitions in the SWIFT sequence. To achieve higher flip angle excitation and reduce blurring artifacts due to offresonance and fast signal decay, gradient modulation is introduced in SWIFT. To test the capability of the proposed technique, rats injured by hyperoxia as an ARDS model are imaged and compared with normal rat lungs.
MATERIALS AND METHODS

Animals
University of Minnesota Institutional Animal Care and Use Committee (IACUC) approved all experimental protocols. Specific pathogen free adult male Sprague Dawley rats between 175 and 199 grams were used for the MRI scans (5 and 7 rats for normal and ARDS groups). ARDS was induced by exposing rats to > 95% O 2 at 1 atmosphere barometric pressure for 60 hours with ad libitum access to food and water. An exposure time of 60 hours provides a nonlethal dose that damages the alveolar epithelium; with well-characterized morphometric changes 9 . This model recapitulates endothelial and epithelial damage seen in ARDS with accumulation of extravascular lung water (EVLW). Though all preclinical models have limitations, the advantage of hyperoxic stress is its reproducibility 10 .
MRI
All MR images were acquired with a 9.4T 31cm bore animal MR scanner equipped with 40 gauss/cm gradients (Agilent Technologies Inc., CA, USA). A quadrature birdcage coil (inner diameter = 5.6 cm) was used for transmit and receive. In SWIFT, gradient modulation was employed; relatively low gradient amplitude was applied during the gapped pulse excitation and signal acquisition, and then the acquisition continued after the pulse with the gradient amplitude rising up to cover the higher frequency k-space regions quickly (Fig.1a) . The lower bandwidth excitation with gradient modulation can reduce the RF power and/or alleviate the demand of fast switching of the transmit and receive (T/R) mode. In SWIFT, DC navigator signal acquisitions were inserted every 16 TRs, where the gradients were turned off (Fig.1b) ; therefore, all DC navigator acquisitions were identical and the signal fluctuations were predominantly due to respiratory motion. The DC navigator signals delineated respiratory motion with ~40 ms time resolution (Fig.1c) . Sequence parameters in SWIFT were: TR = 2.46 ms, TE = ~4 μs, flip angle = 4°, gapped stretched hyperbolic secant pulse (HS2) excitation, pulse width = 864 μs, FOV = 64x64x88 mm 3 , excitation bandwidth (BW) = 75 kHz, gapping = 83 kHz, BW at the gradient maximum = 125 kHz, acquisition time = 2.16 ms, total number of spoke views = 491,520 and scan time = 22 min. For comparison, a conventional 3D GRE image at exhalation phase was acquired with respiratory gating (64 lines/trigger). GRE parameters were: TR/TE = 3.8/1.9 ms, flip angle = 5°, FOV = 64x64x88 mm 3 , BW = 156 kHz, cylindrical k-space sampling and scan time = 12-15 min depending on the respiration rate. During MR scans, rats were anesthetized with a 30/70% mixture of O 2 /N 2 O and ~1.5% isoflurane and freely breathed using a nose cone. Rats were placed at prone position in a cradle in the magnet bore. Temperature was maintained at 37±1 °C with a warm air circulation system that was regulated by the temperature monitoring module of the small animal monitoring system (SA instrument Inc., NY, USA).
Image reconstruction
The acquired SWIFT data that contained all respiratory phases were sorted to 16 time frames (~30k views/frame) based on the DC navigator signals. Since SWIFT started acquiring data immediately after excitation, k-space data were radially acquired. Thus, each frame image was reconstructed with gridding reconstruction. Matrix size of the reconstructed image was 280x280x384 (230 μm isotropic resolution), where the sparsest sampling region showed ~15x undersampling. To mitigate the undersampling artifacts, compressed sensing reconstruction was applied to the SWIFT cine images 11 ; the final reconstruction image, I, was obtained by iteratively solving the following minimization problem:
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where s is the acquired radial k-space data, λ 1,2 are regularization parameters, F is the Fourier transform and undersampling operator, and TV and W are 4D total variation and wavelet transform with Daubechies 4-tap wavelet, respectively. In this study, the final images were obtained with 30 iterations. All image reconstruction processing was performed with a homebuilt C/C++ program.
Image registration
To track the parenchymal signal intensity change through respiration, image registration was performed on the SWIFT images at different respiration phases. One exhalation phase image was set to a template image and all other phase images were registered to the template. Image registration was carried out in 3 steps: rigid-body, affine and deformable transform. Based on the registered images, signal intensities of parenchymal tissues were calculated by setting three regions of interest (ROI) with a size of 4x4x4 pixels: dependent (ventral), intermediate and non-dependent (dorsal) regions in the right lung. The ROIs were selected not to overlap blood vessels and, for ARDS lungs, severely damaged regions. The signal intensities of the 3 ROIs were normalized by the mean signal intensity of muscle. Image registration was performed with advanced normalization tools (ANTs) 12 and the ROI analysis was performed with a homebuilt program running on Matlab (MathWorks Inc., MA, USA).
RESULTS
Sensitivity to lung tissue signals
SWIFT images showed conspicuously higher sensitivity to the lung tissue signals compared to 3D GRE (Fig.2) . The lung parenchyma in normal rats was almost entirely invisible with GRE. For ARDS rats, there were severely damaged collapsed lung regions, which were visible even with GRE, but the majority of lung tissue was still invisible. In the SWIFT cine images, parenchymal signal intensity changes were seen depending on the respiratory phases; the signal intensities at inhalation phases were lower than those in exhalation phases. On the SWIFT images, parenchymal signal intensities showed differences depending on the position along the direction of gravity; the dependent (ventral) region showed the highest intensity (Fig.3) .
Image registration
To track signal intensity changes through the respiration cycle at the same lung location, image registration was performed on SWIFT images from different phases of respiration (Fig.4) . In SWIFT images, lung tissues had high contrast boundaries with blood vessels, cartilage plates, diaphragm and chest walls, which worked as landmarks in image registration. The entire lung region showed expansive and contractive motion during the respiration cycle, but the motion around the diaphragm was most noticeable. Even for the diaphragm regions, the different respiration phase images co-registered well.
Parenchymal signal intensity change during respiration
Based on the registered images, signal intensity changes during the respiration cycle were calculated (Fig.5a, b) . Drops of the signal intensity during the inhalation phase were consistently observed for both normal and ARDS lungs, but the depth of the intensity drops for the ARDS lungs was less than for the normal rat lung. Signal intensity changes due to gravity also occurred in both groups. The lungs from the ARDS rats showed 1-24% higher parenchymal signal intensities relative to the normal rat lungs for each of the dependent, intermediate and non-dependent regions (Fig.5c) ; this likely is explained by accumulation of EVLW (i.e. higher proton density). Signal increases were observed from dorsal to ventral side due to gravity. c) Lung tissue signal intensity ratio between normal and ARDS lungs. ARDS lungs showed 1-24% higher signal intensities; the maximum intensity ratios were observed at the inhalation phase (shaded regions) for all the 3 regions.
DISCUSSION
Major technical innovations of the proposed methods are implementation of retrospective gating with DC navigator acquisition and gradient modulation in SWIFT acquisition. The retrospective gating enabled to determine the respiration phase for each redial k-space data in the image reconstruction process. Therefore, when the respiration rate changes unstably during the MR scan, which is common for diseased lungs, effects from the unstable respiration can be compensated in the image reconstruction process, as long as respiratory motion is correctly recorded in DC navigator signals. Based on the ARDS lung datasets obtained in this work, the DC navigator signals showed high enough sensitivity to detect breathing motion of the ARDS lungs which can usually be unstable and shallow. Moreover, the proposed method using retrospective gating does not have extra delay time, which commonly exists in the conventional gated acquisition to wait for next trigger timing. Thus, in the retrospective gating strategy used here, magnetization reaches pure steady-state independent of the respiration rate, whereas magnetization in conventional gating shows dependence on the respiration rate (i.e., T 1 contrast depending on the respiration rate). This is an important property for accurate quantifications based on the steady-state magnetization such as T 1 mapping with the variable flip angle method 13, 14 and B 1 mapping with the actual flip angle imaging 15, 16 .
In general, higher bandwidth is desirable in radial short TE sequences including SWIFT to minimize blurring due to offresonance and T 2 * signal decay. However, high bandwidth in excitation results in high RF peak power and specific absorption rate (SAR) and thus limits achievable flip angles. The gradient modulation used herein can mitigate this limitation by using relatively low bandwidth for excitation, but retains higher bandwidth in readout to minimize the undesirable blurring artifacts. Another merit of using gradient modulation in SWIFT is the alleviated demand on fast T/R switching. This is advantageous for future implementation of SWIFT in human clinical scanners, where the T/R switching is slower (>20 μs) compared with animal systems. One disadvantage of gradient modulation is an increase of acoustic noise due to the extra modulation of gradient amplitude, while the regular SWIFT has minimal gradient changes between TRs and thus is nearly quiet. However, in many cases, the acoustic noise in gradient-modulated SWIFT is much quieter than conventional MRI sequences.
The higher sensitivity of SWIFT to the short-lived lung parenchymal signals achieved more detailed visualization of the lung structures compared with the conventional GRE sequence. The extremely short TE in SWIFT enabled to detect minor changes of the lung tissue density due to gravity. Dependent regions (ventral side at prone position) experiences higher gravitational pressure and thus show higher tissue density, namely, higher signal intensities in SWIFT images. Similarly, tissue density changes due to respiration (lung expansion and contraction) were observed. Furthermore, an increase of lung tissue signal intensities in the ARDS lungs relative to normal lungs, which should be from increased EVLW (i.e., water density), was detected in the SWIFT images. According to the intensity ratio analysis, the signal increase reached maximum at the inhalation phase, which suggests the rats with the damaged lung have shallow breathing and reduced lung compliance.
In conclusion, respiratory motion was accurately monitored by the DC navigator signals in the proposed SWIFT method. The method showed high enough sensitivity for detecting the lung proton density changes due to gravity, different respiration phases and accumulation of EVLW in rats with the ARDS lung.
